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Abstract The base composition patterns of genes, coding
sequences and gene expression levels were analyzed in the
available long sequences (contigs) of Arabidopsis. Chromosome 5
was analyzed in detail and all chromosomes for which sequence
data are now available show essentially the same large-scale
compositional properties. Guanine+cytosine levels of genes and
of their coding regions, as well as gene densities and expression
levels, all show a marked tendency to be higher in the distal
regions of Arabidopsis chromosomes.
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1. Introduction
The genomes of angiosperms are characterized by hetero-
geneity in base composition among regions of 50^150 kb [1^
3]. Compositional heterogeneity is smaller in dicots than in
Gramineae [1,2,4], yet it is still discernible in the compact
dicot genome that has been studied most extensively, that of
Arabidopsis. In the present study, we have investigated the
variations in GC (guanine+cytosine) levels along the chromo-
somes of Arabidopsis. The GC-rich telomeric regions are
found to be richer in (GC-rich) genes and to exhibit higher
expression levels than do the GC-poor central regions. The
genes in these regions have, on average, higher GC, fewer
introns and higher expression levels compared to the central
regions of the chromosomes. Our work, part of a Ph.D. thesis
[5], has concentrated on chromosome 5, which is especially
well annotated. The conclusions obtained for chromosomes
2 and 4 [6,7] are similar to ours and the main results presented
here are, almost certainly, valid for all chromosomes.
2. Materials and methods
Sequences and annotations of chromosome 5 of Arabidopsis thali-
ana were retrieved from the KAOS data base (Kazusa Arabidopsis
data Opening Site, Kazusa DNA Research Institute, Japan, http://
www.kazusa.or.jp/arabi/ ; cf. [8]), AtDB data base (Arabidopsis thali-
ana Database, Stanford University, http://genome-www.stanford.edu/
Arabidopsis/; now at TAIR, http://www.arabidopsis.org/) and Gen-
Bank (releases 111 and 113; 1999).
To con¢rm that the contig samples analyzed were unbiased, the
distributions of their GC levels were compared to an Arabidopsis
CsCl pro¢le obtained previously [9].
GenBank sequences were extracted using the Infobiogen server (see
http://www.infobiogen.fr) with the ACNUC/QUERY retrieval system
[10]. Sequences with self-contained coding sequence (CDS) ¢elds (fea-
tures) were retained if they had a total CDS longer than 220 bp. ATG
and stop codons indicated by the feature speci¢cations were checked
and the corresponding ‘complete’ CDSs were also checked to ensure
that they contained an integral number of codons. Sequences without
ATG or stop codons in the expected positions and pseudogenes were
not included in the analysis. To allow automation, only introns inter-
rupting the CDSs of genes were processed. Obvious gene redundancies
were recognized and eliminated on the basis of identity of sequence
size, equivalence of descriptions and similarity of base composition
(within 2% GC) in the three codon positions. In the KAOS data base,
only complete gene sequences with a clear de¢nition were analyzed;
sequences corresponding to ‘hypothetical’, ‘unknown’ and ‘putative’
proteins were excluded. Some of the annotated genes retained for
analysis have not been experimentally con¢rmed and must therefore
still be classi¢ed as potential genes, but the possible presence of occa-
sional unexpressed genes in the sample should not systematically bias
any of the results presented here; the alternative, namely retaining
only experimentally con¢rmed genes, would result in unacceptably
low sample sizes. In the case of contiguous repeated genes, only one
copy was investigated. A base composition of sequences was calcu-
lated using ANALSEQ [11].
In the following, we only considered genes in which introns are in
the range of 0^3.5 kb. This restriction eliminates very long genes with
introns up to 100 kb, which are rare, yet can considerably lower the
correlation coe⁄cient of intron size versus genic GC level.
The statistical signi¢cance of the di¡erences of means was assessed
using the test of Student [12,13], at the 5% signi¢cance level (one-
tailed test).
The GC level distributions for all chromosomes and, independently,
for chromosome 5, were represented by histograms with an interval
size of 0.25% GC. The histograms were ¢rst ¢tted using the program
MacCurveFit (1.0.8) and were found to be close to a Gaussian curve
with a mean at 35.4% GC and standard deviation 1.56% GC. In the
case of chromosome 5, the subsequent ¢tting to a sum of two Gaus-
sian components, shown in Fig. 3, was based on the partitioning of
this chromosome (see text) and was adjusted manually while monitor-
ing the sum of squared distances. In this ¢t, which matched the single
Gaussian ¢t and which was very similar to the CsCl pro¢le of Arabi-
dopsis, the GC-poor and GC-rich components of chromosome 5 were
characterized, respectively, by relative amplitudes of 9 and 14.9,
means at 34.4 and 36.1% GC and standard deviations of 1.2 and
1.3% GC.
The gene expression level was estimated as described in [14]. 945
CDSs, in a total of 252 contigs, extracted from the KAOS database
were compared to a data set of 25 547 ESTs of Arabidopsis (GenBank
Release 111) using BLASTN [15]. The same procedure was then ap-
plied to compare the 3610 genes in 508 contigs from all chromosomes
of Arabidopsis with a total of 45 743 ESTs (GenBank Release 113).
Each BLASTN alignment showing at least 95% identity over at least
100 bp was counted as a sequence match. The number of EST
matches was then assumed, as in [14], to statistically re£ect the ex-
pression level of the genes.
To con¢rm that the main results obtained for chromosomes 5 and 3
(also represented in the KAOS/AtDB databases) were valid also for
chromosomes 2 and 4, the recently published plots of GC level, pre-
dicted gene density and EST frequencies for chromosomes 2 [6] and 4
[7] were compared with the corresponding plots for chromosomes 5
and 3. One plot not given in these publications, the GC plot of
chromosome 4, was obtained at window sizes 50 and 100 kb from
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the complete sequences (short arm, long arm; MIPS ftp site, ftp://
warthog.mips.biochem.mpg.de/pub/cress/chrIV/ESSAseq/). The GC
plot for chromosome 2, shown in [6] at window size 10 kb, was
obtained also at window sizes 50 and 100 kb where the large-scale
compositional trends are much more clearly visible from the complete
sequence (ftp://ftp.tigr.org/pub/data/a_thaliana/chromosomeII/).
3. Results and discussion
A compositional map of chromosome 5 was obtained by
plotting the average base compositions (GC levels) of the long
DNA sequences from the KAOS database (which have a
sharp mode at 85 kb) against their approximate positions
(in 2 Mb intervals), according to the KAOS physical map.
Fig. 1 shows the average GC levels of the contigs in each
2 Mb interval along chromosome 5 (bottom plot), together
with (from bottom to top) the average GC levels of genes,
third codon positions (GC3) and CDSs in the same intervals.
This compositional map was then re¢ned by using informa-
tion on the order of these contigs given in the AtDB database.
The resulting plot (not shown) reveals a succession of £uctua-
tions in GC level that are large, with respect to the total
variability in the genome, but that still show a persistent,
gradual increase in average GC level from the pericentromeric
regions towards the telomeres. Despite the high variability
(V6% GC) among the base compositions of contigs in each
2 Mb interval (Table 1), GC levels are signi¢cantly higher in
the distal regions (0^8 Mb on the short arm and 18^26 Mb on
the long arm), where their average is 36.3% GC, than in the
central region (8^18 Mb), where their average is 34.6% GC.
Moreover, it can be seen that the four plots in Fig. 1 largely
parallel each other. As expected from this parallelism, corre-
lations were found between the per-contig average GC levels
of genes, of their CDSs or of their third codon positions and
the GC level of the contigs in which the genes were located
(e.g. R = 0.52 for the genes versus contigs correlation, shown
in Fig. 2). Consistently lower correlation coe⁄cients were
found for the correlations between GC levels of individual
genes, of their CDSs or of their third codon positions (GC3)
and the GC level of the contigs (R = 0.22, 0.20 and 0.15,
respectively, for chromosome 5 contig sets with 768 genes
analyzed). All of the average GC levels are higher in the distal
regions (0^8 and 18^26 Mb intervals) than in the central re-
gion (8^18 Mb intervals), these di¡erences being signi¢cant
for all plots of Fig. 1 except for the GC3 plot, as revealed
by the test of Student. For the complete set of contigs (1349
genes analyzed), we found that the correlation coe⁄cients
were all between R = 0.21 (for CDSs) and R = 0.24 (for
GC3), that of the genes being again at R = 0.22.
As can be deduced from Figs. 1 and 2 and from the lower
average GC level of genes (exons+introns) in the central re-
gion of chromosome 5, this latter region tends to be associ-
ated with the GC-poorer genes, which have average GC levels
(taken over 2 Mb intervals) below 41%. The same observation
can be generalized to the whole genome of Arabidopsis, since
Fig. 2 refers to contigs and genes from the complete set of
Fig. 1. Compositional pro¢les of contigs, genes (i.e. exons+introns,
GCei), CDSs (GCe) and third codon positions (GC3). Each point
corresponds to the average value within a 2 Mb segment of chro-
mosome 5. The question mark indicates the centromeric region of
chromosome 5, for which there are presently no data available.
Table 1
Compositional relationships along chromosome 5 of Arabidopsis
Map position
(Mb)
Contigs
(GC%)
S.D. Sample
size
Genes
(GC%)
S.D. GC3 (%) S.D. Coding
sequences
(GC%)
S.D. Sample size
0^2 36.59 (1.23) 10 41.61 (4.03) 45.58 (6.99) 45.33 (2.84) 49
2^4 36.94 (1.23) 7 41.15 (3.88) 43.36 (6.66) 45.05 (2.79) 49
4^6 37.33 (1.10) 8 41.61 (3.88) 44.54 (6.75) 45.67 (2.89) 54
6^8 35.71 (1.42) 8 41.67 (4.41) 42.79 (7.71) 45.65 (3.24) 33
8^10 34.99 (1.07) 17 40.43 (3.68) 44.12 (6.66) 45.11 (2.84) 53
12^14 33.60 (1.23) 25 38.79 (4.28) 39.65 (8.14) 43.11 (3.36) 26
14^16 34.85 (1.05) 35 39.58 (3.77) 42.05 (6.42) 44.00 (2.90) 108
16^18 34.62 (1.20) 30 39.32 (3.81) 40.42 (6.27) 43.69 (2.82) 77
18^20 36.44 (0.86) 31 40.86 (3.69) 41.79 (7.02) 44.82 (2.84) 36
20^22 35.47 (1.14) 35 41.03 (3.71) 42.09 (6.41) 44.69 (2.82) 118
22^24 36.00 (1.10) 29 42.26 (3.61) 44.12 (6.19) 45.61 (2.80) 101
24^26 36.55 (1.29) 35 41.45 (3.70) 43.55 (6.18) 45.42 (2.82) 135
26^28 37.02 (1.88) 4 43.12 (4.45) 45.90 (5.97) 46.53 (2.60) 16
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chromosomes and since GC-poor contigs are preferentially
observed in the central regions of chromosomes 2 [6], 3
(data not shown), 4 [7] and 5 (see also Section 2 and [5]).
However, as predicted by the absence of a strong correlation
between the GC levels of genes and contigs (R = 0.22), a sub-
stantial proportion of GC-poor genes were found in the distal
regions of chromosomes (or, as de¢ned below, in the GC-rich
component) and vice versa. In angiosperms, we have previ-
ously found that the GC-richer genes of a given species have
fewer and shorter introns than do the GC-poorer genes [16].
The di¡erence in intron number and size could correspond to
some advantage for constitutive or, at least, for extensive ex-
pression of genes (see [16], for a discussion of the two classes
of genes).
The GC distribution of the chromosome 5 contigs, which is
similar to that of the long (s 50 kb) sequences from all ¢ve
chromosomes, can be conveniently decomposed into two
Fig. 2. Relationship between the GC level of contigs and the aver-
age GC level of their genes. The orthogonal regression line
(R = 0.52) and the main diagonal of slope 1 are shown.
Fig. 3. Relationships between compositional distribution of contigs, Gaussian components, sum of components and compositional map along
chromosome 5. The compositional distribution of contigs in (A) is represented by the closed circles with horizontal bars. The dashed line shows
the best ¢t (R = 0.95) to the compositional distribution of contigs by a sum of the two Gaussian curves, component 1 (continuous line) and
component 2 (dash-dot line). The percentages indicated for components 1 and 2 represent their relative contributions to the area under the best
¢t curve. (B) represents the GC level distribution of the contigs along chromosome 5, in intervals of 2 Mb, using physical map positions. The
inner rectangle corresponds to the central region of the chromosome, the top and bottom rectangles to the distal parts of the chromosome.
The percentages shown for these rectangles represent the proportions of chromosome 5 that they cover according to the physical map. The GC
averages, standard deviations and proportions are essentially the same for the components as for the corresponding chromosomal regions (cen-
tral region and sum of the two distal regions). Open circles represent the few contigs outside of the rectangles. They were included in the calcu-
lation of standard deviation and average GC level of central and distal regions.
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Gaussian components, namely a GC-poorer and a GC-richer
component (Fig. 3A). This decomposition corresponds to the
partitioning of chromosome 5 into central (GC-poorer) and
distal (GC-richer) regions (Fig. 3B). The two components ob-
tained for chromosome 5 (Fig. 3A) are characterized by aver-
age GC contents (34.4 and 36.1% GC) and standard devia-
tions (GC-poor: 1.2 and GC-rich: 1.3% GC) that are very
similar to those of the contigs of distal and central regions
to which they correspond (Fig. 3B). Similarly, the ratio of the
components’ areas (GC-poor: 37.7%; GC-rich: 62.3%) was
very close to the ratio of the lengths of the corresponding
chromosomal regions. The sum of the two Gaussian compo-
nents was itself very nearly Gaussian (because of the nearly
symmetric GC distribution of the DNA in Arabidopsis) and
showed a good ¢t to the GC distribution of the contigs in
chromosome 5 (R = 0.95) as well as to the experimentally ob-
tained GC distribution of the entire genome’s DNA fragments
in a CsCl gradient [9]. This decomposition of the Arabidopsis
DNA of chromosome 5 into two overlapping components
allows a good correspondence between GC levels and chro-
mosomal position. Indeed, the compositional di¡erences be-
tween the central and distal regions are not clear-cut and
borders could be localized only within 2 Mb, so that a parti-
tioning of the GC axis into two segments would be inappro-
priate.
In order to determine if one of the two components of
chromosome 5, or of other chromosomes, is associated with
higher gene expression, we estimated expression levels in the
entire set of Arabidopsis contigs by EST matching, as de-
scribed by Duret and Mouchiroud [14]. High expression levels
were much more common in the contigs having GC levels at
or above 34.5% (data not shown), i.e. in the contigs corre-
sponding to the GC-richer of the two components in the case
of chromosome 5 (see Fig. 3). This prompted us to examine
gene expression levels along this chromosome in more detail.
We found that genes are indeed expressed at higher levels in
the more distal regions. The distribution of expression levels
along the (2 Mb intervals of) chromosome 5, up to a level of
5 ESTs per gene (cf. Section 2), is shown in Fig. 4. The few
genes with higher expression levels (s 5 ESTs per gene; not
shown) followed the same general shape of this distribution,
i.e. an upward curve toward the telomeres. The expression
level was found higher on the long arm than on the short
one (data not shown). In contrast, the minimum of gene ex-
pression was found in the central part of the chromosome.
The only exception was an extreme outlier representing three
copies of the ribulose biphosphate carboxylase small chain
gene, which were located in a contig (MXI10) in the central
(GC-poor) region even though they were very GC3-rich (60^
63%) and each of which matched between 60 and 100 ESTs.
Finally, gene density was analyzed. When the gene density
of each contig was measured by the proportion covered by
genes, the full set of Arabidopsis contigs exhibited a correla-
tion between gene density and GC level. This is shown in Fig.
5, for the plot of average gene density in each 0.25% GC
interval versus the midpoint of the GC interval. While the
animal species investigated so far, including human [17,18],
fugu [19,20] and Drosophila [21], have shown a dramatic in-
Fig. 4. Pro¢le of gene expression along chromosome 5. The bar heights show the percentage of the genes in each 2 Mb interval that were
matched by 1, 2, 3, 4 or 5 ESTs.
Fig. 5. Pro¢les of gene density (closed circles, regression line) and
of contig (black curve) and calculated gene distributions (gray
curve) in the Arabidopsis genome.
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crease of gene density with GC level that is highly non-linear
(or only piecewise linear), the corresponding relation in Ara-
bidopsis is approximately linear (y = 3.22x371.35). Although
it cannot be completely ruled out that this linear relationship
may be partly an artefact of gene recognition protocols or
algorithms used for annotating the contigs (cf. also Section
2), there is as yet no indication of a signi¢cant GC bias in
these algorithms, especially since the GC range in Arabidopsis
is not very wide. Based on an average gene length of 2.1 kb
[16] and the data shown in Fig. 5, we could calculate that the
gene density ranges from 1 gene per 6 kb in the GC-poor
contigs to 1 gene per 3.8 kb in the GC-rich contigs. Therefore,
the gene density range is about 10 times lower in Arabidopsis
than in the case of the human genome.
The good correlation coe⁄cient (R = 0.62, P6 0.001) sup-
porting the linear relation between gene density and GC level
of contigs prompted us to estimate the gene distribution in the
Arabidopsis genome, by multiplying the best ¢t of the contigs’
GC distribution (which was also close to the CsCl pro¢le of
Arabidopsis ; see above and Fig. 3) with the equation. A com-
parison of this calculated gene distribution with the contig
(DNA) distribution (Fig. 5) shows that the mode of the
gene distribution is slightly shifted. The superposition of these
two curves o¡ers another way of visualizing and quantifying
the modest, but signi¢cant, tendency of genes to occur pref-
erentially in GC-richer regions of the Arabidopsis genome.
The main trends reported here for chromosome 5, namely
the higher GC levels, gene densities and expression levels in
the distal regions, were con¢rmed for chromosome 3 (which is
also represented in the KAOS/AtDB databases) and for the
recently sequenced chromosomes 2 and 4 [6,7]. In particular,
both the long and the short arms of chromosomes 2 and 4
show the persistent rise in GC level towards the telomeres that
is exhibited by chromosomes 5 and 3, as was con¢rmed by
chromosomal maps of 50 and 100 kb segments along the
chromosomes (see Section 2). In some cases (GC content in
chromosome 2, gene and EST densities in chromosome 4) the
tendencies are only faintly visible in the published plots of
[6,7], due to the scales and window/interval sizes used in those
studies, although di¡erences in gene-prediction criteria may
also be partly responsible for some quantitative di¡erences.
The only tendency of chromosomes 2 and 4 that was not
visible in the chromosome 5 data, presumably due to the gap
in the available sequences (see Fig. 3; 10^12 Mb according to
the KAOS map, 11^13 Mb according to [22]), was a series of
large £uctuations, attaining high GC levels, in a centromeric
region covering about 2^3 Mb. The corresponding region has
been mapped in detail, but not yet sequenced, in chromosome
5 [22]. This region is characterized by a high density of retro-
transposons, 180-bp repeats and other repetitive DNA, an
absence of genes and, in the case of the sequenced chromo-
somes 2 and 4, by GC levels that show strong £uctuations
[6,7,21]. In chromosome 5, two clusters of 5 S-rDNA (con-
taining over 200 copies and about 30 copies, respectively),
which are GC-rich (cf. also the CsCl pro¢le in [9]), have
been mapped near the boundaries of this region. It is of in-
terest that in chromosome 2 an (apparently very recent) in-
sertion of about 700 kb of mitochondrial DNA has been
reported, in this same centromeric region [6]. The region
also seems to be di⁄cult to map: two groups have produced
con£icting physical maps for it in the case of chromosome 5
[22,23]. It corresponds to only a small fraction of the chro-
mosomes studied in detail until now (about 1/10 for chromo-
some 5 and about 1/6 for the smaller chromosomes 2 and 4).
In chromosomes 2 and 4, the region is markedly di¡erent
from the rest of the chromosome, devoid of genes, and its
GC-rich segments lie beyond the GC-richer of the two Gaus-
sian components (at 37^41% GC), so that it could interfere at
most marginally with the results presented above. To avoid
misunderstandings, however, it should be pointed out here
that the compositional trends described above, including the
two Gaussian components, are properties of the two arms of
the chromosomes and not of the centromeric region between
them. Indeed, the clear-cut compositional anomaly that char-
acterizes the latter region could be used to operationally di-
vide Arabidopsis chromosomes into short arm, centromeric
region and long arm.
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